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INHOMOGENEOUS FIELD BREAKDOWN IN GIS N
THE PREDICTION OF BREAKDOWN PROBABILITIES AND VOLTAGES

Part |ll: Discharge Development in SFg and Computer Model of Breakdown

N Wiegart, L. Niemeyer, F. Pinnekamp,
BBC Research Laboratory

Switzerland West Germany

Abstract Extensive investigations into various phases of dis-
charge development in SFg (corona formation, streamer to leader
transition, leader propagation) are summarized in this paper, with
the goal of familiarizing the reader with the theoretical and em-
pirical basis of a quantitative model for SFg breakdown, including
breakdown in highly inhomogeneous fields. The quantitative
predictive capability of this model is tested for a number of
examples, which demonstrate the correct prediction of geometry
and pressure dependencies of the breakdown voltage. Combined
with the modified volume time "law”, the breakdown model
becomes a valuable tool for the power engineer, capable of
predicting statistical breakdown characteristics for a wide range
of gap geometries and positive voltage waveforms as a function
of pressure. At present, the model does not cover negative
polarity waveforms and becomes increasingly inaccurate as the
waveform risetime increases over about 10 us. Future research
is planned to address both of these limitations. Practical applica-
tions are outlined.
INTRODUCTION

The purpose of this third paper on inhomogeneous field break—
down in GIS is to summarize the results of experimental and
theoretical investigations of the different stages of discharge
development in SFg under positive impulse stress. In order not to
obscure technical relevance, details have been omitted where
they do not contribute to the understanding of physical pro-
cesses. The interested reader is referred to the comprehensive
final report of CEA Contract 153 T 310 [1] However, more
recent results [2,3] have led to the clarification of some important
points.

The important issue of discharge initiation has been discussed in
great detail in the second paper. Here, the processes following
the production of initial electrons will be described in the order in
which they occur physically, ie., corona development followed by
leader inception and leader propagation up to breakdown.
Knowledge of discharge processes is used to establish a
numerical breakdown model which is largely based on physical
theories but is simplified to obtain an optimum compromise be-
tween accuracy and computational effort.

The last two sections will probably be the most interesting for the
power engineer, as they demonstrate the predictive capability of
he m | and give exampl f practical ication
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PMENT OF T RONA

"Corona” is a term used so frequently and for such a wide range
of partial discharge or prebreakdown phenomena that a clear
definition of what is meant in the context of this study must be
provided. As only the case of fast rising waveforms is discussed,
the term corona will denote a burst of streamers developing con-
currently in the virgin gas (sometimes referred to as "impulse
corona” as opposed to ‘repetitive corona’). Note that this defini-
tion excludes glow corona, which is unlikely to appear in the pa—
rameter range of interest for practical applications.

Unfortunately, some confusion also exists in the application of
the term "streamer”, which is used for almost any type of
channel-like discharge feature (e.g., the “secondary” streamer that
should better be termed "leader’). Here a “streamer” is an
ionization wave restricted to a channel of small radius which
develops in the virgin gas and which is characterized by a large
electric field at its leading edge (caused by space charge) and a
low conductivity. This definition still encompasses a multitude of
physical mechanisms depending on the properties of the gas. For
example, we will demonstrate that streamers in air and SFg have
very little in common.

From optical observations of SFg coronae over a wide range of
voltage, pressure, and gap geometry, we have found that corona
extension and corona charge obey simple electrostatic laws
which can be explained unambiguously in terms of the physical
conditions for the existence of a streamer in SFg. Figure 1 shows
a typical example of a corona Schlieren photograph, obtained
with a rod to plane gap. The Schlieren technique has the advan-
tage over simple self-luminosity streak or framing records of
displaying density gradients and thereby revealing details of
corona structure. A clear distinction can be made between a
practically homogeneous zone close to the electrode and a
filamentary feature further out

Figure 1 Corona Schlieren Photograph of a rod plane gap with 1
mm rod diameter and 65 mm gap spacing for 300 kV and 1
bar SFg pressure.
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As yet, the theoretical models of streamer propagation in SFg still
suffer from severe restrictions and do not allow a complete
numerical simulation of corona formation. They have, however,
predicted that a streamer track in SFg is necessarily charac-
terized by an electric field very close to the “critical’ value, ie.,
the value at which ionization and attachment probabilities are
equal. This results from attachment lengths in a strongly electro-
negative gas being so small that electron currents can be main-
tained only if attachment is compensated by ionization; otherwise,
net space charge could not be produced on short time scales.
This physical condition is very much different from that for an air
streamer [4], for which the attachment length is always large
compared with streamer head dimensions so that streamer pro-
pagation becomes a question of energy balance in the head
region. Even far below Egr, @ certain percentage of electrons will
reach the anode, and net space charge continues to build up. As
a consequence, air streamers propagate stably (without losing or
gaining charge) at the so—calied "stability field” (or "guiding field"),
which is much less than the critical field.

Figure 2 lllustration of the Streamer Mechanism in SFg.
Top: applied potential {solid line), streamer head potential
(upper dashed line), tangent to applied potential curve with
slope E¢y (lower dashed line)
Bottom: resulting corona structure.

Based on these theoretical considerations, a qualitative explana—
tion of corona development in SFg can be given (Figure 2). The
solid line in Figure 2 is an example of the variation of the applied
potential along the gap axis. The streamer rearranges the poten-
tial and field distribution such that the field in its track is roughly
Egcr, which corresponds to the upper dashed line in Figure 2 with
a slope of E.,. Neglecting the effect of space charge deposited
by the streamer, one expects the potential at some distance from
the streamer to be the applied potential; for SFg, this is not too
bad an approximation. The potential drop between the streamer
head (following the upper dashed line) and the surrounding gas
{solid line) is responsible for avalanche growth in front of the
head. As long as this potential drop increases in the course of
propagation, subsequent avalanches are bigger than their
predecessors and excess electrons are fed to the anode. The
potential drop starts to decrease again after point x{, where the
applied field is Ecr (i.e, where the lower dashed line with slope
Ecr is a tangent to the solid line). When the corona streamers
have propagated to this point, the production of net space charge
is essentially complete. Streamer propagation, however, con—
tinues until the voltage drop becomes zero (x2), which is
equivalent to stating that the average applied field in the
streamer channel is the critical field. During the second phase of
streamer propagation, the space charge is only redistributed.

The corona structure as derived from Schlieren photographs is
sketched in the lower part of Figure 2 to show the correspon—
dence of x1 and the extension of the homogeneous zone on the
one hand and of x» and streamer length on the other hand. The
appearance of a homogeneous zone is believed to be caused by
secondary processes (e.g. photoionization) leading to avalanches
between streamer channels; this is only possible in the "critical
volume" (with E » E¢) bounded by x1.

The improved understanding of corona development allows fairly
precise predictions of corona size and charge, the latter being
calculated under the assumption that within the critical volume
the field is reduced to E;, everywhere. Note that when compar—
ing calculated and measured charges, corrections for the
“apparent charge” have to be made, ie., the image charges on the
electrodes have to be taken into account. Figure 3 shows a com-
parison of measured (data points) and calculated (solid line)
corona extensions (streamer lengths) as a function of V/Egy for
various gas compositions. For air/SFg mixtures, streamer propa-—
gation obeys the simple electrostatic conditions derived above
down to below 1% SFg content [5] The agreement between
measured and calculated charges (Figure 4) is as satisfactory as
that for corona extensions. Note that corona charges have an
explicit pressure dependence.

leoe 1 o 100% SFg * 95% SFg/ 5% air + 90% air /10% SFg
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Figure 3 Corona Extension versus Normalized Voltage (V/E,) for
Various Gas Mixtures. Gap geometry as in Figure 1; solid
line is from the theory.
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Figure 4 Apparent Corona Charge versus Normalized Voltage
(V/Egy) for Various Gas Mixtures. Gap Geometry as in Fig-

ure 1 and solid lines represent theory.
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EADER INCEPTION

The term “leader” is generally used for moderately conducting
channels in gas discharges, without distinguishing among differing
physical conduction mechanisms. The electric field in a leader
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Figure 5 Fast Streak Record of Stepped Leader Propagation with Corresponding Voltage and Current Signals.
Gap geometry as in Figure 1, with 200 kV and 1.5 bar pressure.

channel is much smaller than that of a streamer channel but still
large compared to that of a spark. As in the case of the
streamer, detailed studies of air leaders (eg. [6]) have little
relevance to strongly electronegative gases. In air, a leader is
formed by heating a corona stem; leader propagation may be
continuous or stepped, depending on the waveform. In SFg, only
stepped leaders have been observed, and the streamer to leader
transition involves a novel phenomenon, for which the term
"leader precursor” has been coined [2,3].

The general shape of breakdown curves for highly inhomogene-
ous field gaps, such as rod plane gaps, is well-known. The
breakdown voltage first increases with pressure, reaches a maxi-
mum, then decreases with pressure, goes through a minimum, and
finally increases nearly linearly with pressure (see Figure 13).

With fast rising pulses, the minimum tends to be very shallow.
For pressures less than a “critical pressure”, the corona inception
voltage is smaller than the breakdown voltage, enabling partial
discharges to exist. This effect is usually referred to as "corona
stabilization” with the idea that the corona charge reduces the
maximum field in the gap to below critical, thus preventing
breakdown. In the following, we show that a totally different
physical description is adequate, and the present study resolves
past uncertainty concerning leader vs streamer breakdown.

From a number of fast streak records overlapping in time, a col-
lage has been composed (Figure 5) to give an impression of the
stepped propagation of a leader in SFg. Voltage and current are
displayed on the same time scale. After the corona expansion has
stopped, a dark period is followed by renewed ionization activity
at the corona boundary. The short channel at the boundary reil-
luminates fairly regularly and elongates asymmetrically in a few
steps, i.e, the far end propagates into the gap in very small steps,
whereas the anode directed end approaches the anode in large
steps. Once the channel is connected to the anode, the potential
at the far end is raised significantly, and generates new corona
further into the gap. At this point of time, the channel ex-
periences a rapid heating to dissociation temperature, which leads
to a change in gas composition and density associated with a
substantial reduction of the critical field (see later); the transition
of the channel to the leader state is completed. As the discharge
development described above always precedes this transition, the
phenomenon is called “leader precursor”. The same sequence of
luminous events is observed in the subsequent leader steps, but
with additional reilluminations of the leader channel in between
steps.

The existence of the precursor finds a plausible explanation in
terms of ion drift phenomena (Figure 6). As ionization and at-
tachment coefficients are much greater than the net ionization
coefficient in a strongly electronegative gas, a streamer channel

will contain a large number of positive and negative ions but little
net charge. After streamer propagation has stopped (at time 1 in
Figure 6), the positive and negative ions start moving in opposite
directions, thereby creating a net charge at the streamer tip (time
2). The corresponding increase in field strength leads to renewed
ionization, which in turn augments the number of ions locally such
that a dipolar charge distribution builds up (time 3). Finally, two
field maxima move away from the streamer tip, in opposite di-
rections and at different speeds, leaving a field just below critical
in between (time 4). Electrostatic conditions make the propaga—
tion stop again, and a continuation is possible only after an ex-
pansion of the heated channel which results in a lowering of the
critical field. Note that although the channel is heated, the tem-
perature stays well below dissociation temperature.

®

X X

Figure 6 lllustration of Precursor Mechanism. (1) ion density pro—
files after corona propagation. (2) Creation of net charge
by ion drift. (3) Development of a dipolar charge distrib—
ution. (4) Propagation of ionization waves in opposite di-
rections with Eg, in between.
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The question of which parameters determine the leader inception
(ie., precursor inception) voltage must be addressed. From
numerical simulations, the number density of ions in the streamer
channel and the channel radius seem to be the most sensitive pa—
rameters. As the channel radius should depend mainly on gas
pressure, one would expect to find a critical ion density that is a
function of pressure only. The ion density is linked to corona
charge or size in some way, and this is the point at which gap ge-
ometry becomes relevant, as shown below.
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Figure 7 Shock Wave of Expanding Leader Channel (Schiieren
streak record).
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Figure 8 Reduced Critical Field of Hot SFg (LTE calculation)

LEADER PROPAGATION

The transition from the precursor to the leader state is associated
with a considerable energy input, first because the total current
of the leader corona is fed into the channel and secondly because
the current puise (Figure 5) has a slowly decaying tail and con-
tains more charge than the current pulse of the first corona. The
energy goes into heating and dissociation of the gas, with both
processes leading to a large increase of pressure, since pressure
is proportional to the product of particle density and tem-
perature. The pressure increase is almost instantaneous so that a
supersonic expansion of the channel occurs. Schlieren streak
records, such as Figure 7, provide evidence for this shock wave.
The temporal evolution of the gas density in the channel is ob-
tained from a theoretical model [7]. The conduction mechanism in
the leader channel is believed to be the same as that in the
streamer channel, viz, a balance of attachment and ionization al-

lows charge transport The higher conductivity of the leader
channel results from the lower gas density and the lower reduced
critical field (Figure 8), which at high enough temperatures
becomes the reduced ecritical field of atomic fluorine. Cal-
culations of the leader field are in satisfactory agreement with
measured average fields in the leader channel (Figure 9).

The relatively small voltage drop along the leader channel corres-
ponds to a small difference between leader inception and leader
breakdown voltages. Therefore a breakdown mode! need not
perform a lengthy calculation for each leader step but need only
compute the ieader inception voltage and then add an approxi-—
mate leader voltage drop.

5 I E— T
E 4 -
(3]
;3_' I/‘Jg/—
] /‘)/1/?_
~ 9
a2 A 7
1_. p—
1 | | | ]

o
0 1 2 3 4

Figure 9 Average Field along the Leader Channel (Experimental

values)
COMPUTER MODEL OF BREAKDOWN

The improved understanding of the relevant physical processes
involved in discharge development lends itself to the formulation
of a general breakdown model [1,8]. In doing so, the desire was
to keep the model as simple as possible, consistent with demands
for accuracy and wide applicability. Although based on physical
principles throughout, the model contains empirical elements, in
part because the quantitative theoretical description is still in—
complete and in part because a much simpler treatment could be
achieved without sacrificing accuracy.

5p / bar

Some restrictions imposed by the simplifications introduced into
the model should be mentioned:

1) At present, the programs assume rotational symmetry,
which is by no means a necessary restriction. In fact, the
model has been successfully applied to three-dimensional
cases by the authors.

2) The model is primarily useful for fast rising waveforms; if
the rise time is of the order of tens of microseconds, field
distortions resulting from ion drift may become important.
As these are not included in the model, the predicted break-
down voltages can only be used as lower limits. The pro-
grams consider step pulse as well as lightning and switching
impulse; the extension to other waveforms is trivial.

3)  The theoretical treatment of the corona is based on the as—
sumption that everywhere in the critical volume the field is
reduced to the critical value. This condition is violated if the
dimension of the critical volume in the direction of streamer
propagation is much smaller than that in the direction per—
pendicular to propagation. Therefore the treatment of a
thin wire to ground would be questionable in the
framework of the model. Fortunately, this is not a severe
restriction, as for the majority of practical applications of
SFg. the field is either quasihomogeneous, so that the
breakdown voltage is determined by streamer inception
(most GIS components), or the maximum stress occurs in a
small spatial region, so that the model is applicable (particles
in GIS, disconnect switch problems etc)
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4)  Predicted breakdown voltages should be treated with some the step pulse breakdown voltage denoted by Ug pg in Figure

caution at pressures below 1 bar and gap lengths below 20 11) is predicted by taking the minimum of streamer breakdown
mm, as in these cases the approximations for the corona and leader arrival voltage.

shape start to break down.
START BREMOD.EXE

GEON. DAT BRENOD. DAT [ Reao BREMOD.DAT ano EWOUT.DAT |
INPUT FILES: CONTAINS COORDINATES CONTAINS VALUES OF: 1
AND POTENTIALS OF ANODE RADLUS. GAP LENGTH. FIND APPROXIMATIONS FOR C(R), E/UR),
THE ELECTRODES LIGHTNING IMPULSE VOLT.. R(C), anp RCE/U)
SWITCHING IMPULSE VOLT.

— USI-E%*Q-A PRy

INSERT SPHERE OF RADIUS R INTO Usg =Ecg D
GIVEN GEOMETRY
[ U=,
CALL CHARGE SIMULATION SUBPROGRAM R =R/2
TO CALCULATE E/Uy,, AND CAPACITANCE l

OF THE SPHERE

DETERMINE CORONA LENGTH

U (E/U) = 2 Ey—> R
N
w Q= CR) U
INCREASE

U

Y

WR1TE E/U AND C VALUES TO FILE
EUOUT . DAT

Stop  FIELDS.EXE

Figure 10 Flow Chart of Program FIELDS

P=P+O.2BAR|

CALCULATE PROBABILITY FOR INITIAL
ELECTRON F. LIGHTNING A. SWITCHING IMP,

Knowledge of field strengths is indispensable for the breakdown
model. In order not to restrict the applicability to special cases, a
numerical field calculation program capable of dealing with
complicated gap geometries must be included. Here a surface
charge simulation program [9] was used as a subprogram to the
program FIELDS (Figure 10), which first calculates the maximum
field at the anode and then inserts conducting spheres of various WRITE RESULTS To BREMOD.RES : STOP)
sizes into the geometry to simulate coronae. For each sphere, the
maximum field and the capacitance of the sphere is stored in a
file.

Figure 11 Flow Chart of Program BREMOD

A second program, called BREMOD (Figure 11), then determines

interpolation polynomials for the sphere capacitance and the per  One of the obvious applications of the breakdown model is the
unit field as functions of the sphere radius and also determines assessment during the design process of component withstand
the inverse functions. For a set of pressures, BREMOD calculates for test and in-service waveforms and tolerance to small
quantities required for the prediction of breakdown voltages, defects, or - to put it the other way round — to assess the ef-
starting with the streamer inception voltage, which is computed in  ficacy of test waveforms with respect to detection of defects.
the simple approximation of Nitta and Shibuya [10} Next comes To this end, statistical effects must be assessed, as for practi-
an estimation of the streamer breakdown, voltage that usually will  cal switchgear, the probability of breakdown must be very
be much higher than the leader breakdown voltage. The mostim— small for the stresses expected in service, and an effective
portant part of the program involves the determination of the test waveform must have a reasonably high probability of
leader inception voltage. As the numerical simulations of SFg detecting (by breakdown during a practical number of
streamers and precursors have not yet progressed sufficiently to  applications) a defect which represents a danger to in-service
predict the ion density, which is very likely to be the key parame-  reliability. Therefore, one section of BREMOD is devoted to
ter for leader inception, the tentative assumption is made that the  calculating the probability of having a "successful” initiai elec—
ion density is related to the tota! corona charge. From a careful tron. For the geometries that cdn be treated with the break-
experiment, a set of “critical" corona charges has been deter— down model, the integration in the modified volume time law
mined once and is now used in all model calculations. (Note thata could be simplified (see Paper Il of this series) In a
similar concept has been applied in a previous, qualitative model  hemispherical region in front of the anode, the actual field dis-
[11,12]) BREMOD searches for the voltage at which the corona tribution is replaced with that of a sphere (Figure 12), thereby
charge is greater than or equal to the critical charge, starting at  reducing the volume integral to a one-dimensional integral and
the streamer inception voltage. In this procedure, the corona size  simplifying the determination of integration limits considerably.
is calculated with a mathematical condition differing from the one  The integration in time starts as soon as the voltage exceeds
described above but with practically identical results in the pa— the streamer inception voltage and stops when the voltage
rameter range of practical interest The leader arrival voltage is drops below the minimum breakdown voltage again. BREMOD
obtained by adding the leader voltage drop to the leader incep—~ gives breakdown probabilities for lightning and switching im-
tion voltage. Finally the minimum breakdown voltage (equal to  pulses of specified amplitudes.
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a) integration in space
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b) integration in time
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tmin tmc1><
Figure 12 Calculation of the Probability Integral in Space (a) and

Time (b).

COMPARISON OF

AND CA| TED BREAKDOWN VOLTAGE!
Thorough tests have been performed to check the accuracy and
reliability of the computer breakdown model. In order to have
separate tests for the statistical model and the leader model, var-
ious waveforms have been applied. The most suitable waveform
for testing the leader model is a step pulse, because it practically
eliminates the statistical variation of breakdown voltages. A total
of 21 gap geometries have been investigated experimentally
using step pulses. The field distribution ranged from strongly
non-uniform (point-plane gaps) to nearly uniform (parallel plates
with a small protrusion). Anode radii varied from 05 to 5 mm,
gap lengths from 25 to 215 mm. In all cases, the agreement be—
tween predicted and measured breakdown curves was very
good, with typical errors around 5%. Four examples are shown in
Figure 13. Gap geometry #1 was a rod plane gap with a rod
radius of 0.5 mm and a gap spacing of 37 mm, (negative) high
voltage being applied to the plane electrode. Changing the gap
distance to 65 mm results in the breakdown curve #1 1; #15 dif-
fers from #11 by replacing the rod with a sphere of 2.5 mm
radius. Finally, #8 is a paralle! plate gap with a rod of 0.5 mm
radius protruding 3 mm from one plane. Although the breakdown
curves in these examples differ greatly (rising or falling with
pressure), they are equally well described by the breakdown
model.

Figure 14 gives an example of one of several tests with lightning
impulse [13]. The field distribution of this rod plane gap with a
rod radius of 20 mm and a gap spacing of 80 mm is not strongly
non-uniform. Therefore the minimum breakdown voltage does
not depend critically on the accuracy of the leader model, i.e., one
can test the statistical model alone. Using a polished electrode,
the experimental breakdown voltages (dark shaded area) are in

excellent agreement with prediction (solid line). With a rough
electrode, a bend in the breakdown curve is observed (hght
shaded area), which can be reproduced with the model|, if the sur-
face roughness is simulated with small spheres assumed to be
fixed to a perfect electrode surface (broken line). From these
comparisons, the adequacy of the statistical model for practical
problems becomes evident. Further checks for more complex
geometries are provided in [1]
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Figure 13 Comparison of Measured (solid lines) and Calculated
(dotted lines) Breakdown Curves for Various Gaps for Step
Pulse Application.
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Figure 14 Comparison of Measured (shaded areas) and Cal-
culated (solid and dashed lines) Lightning Impulse Break—
down Curves for a Rod Plane Gap (diameter 40 mm: spacing
80 mm) with Polished and Rough Electrodes.
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Figure 15 Application of the Breakdown Model to the Case of
Fixed Particles in GIS.
a: Three electrode arrangement; particle position marked
with a cross.
b: Predicted step pulse breakdown curves.
¢: Breakdown probability as a function of particle length
for various particle radii (lightning impulse of 2100 kV)
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APPLICATI TO PRACTICAL BLEM

Even though the present computer model is subject to some
restrictions, a multitude of practical applications is obvious:
Particle-related problems in gas insulated switchgear, radial and
axial breakdown in disconnectors, cold gas withstand capability
of circuit breakers, complex electrode shapes in medium high
voltage equipment, etc. can all be treated in the framework of the
model. In fact, the model is now being applied to component
design.

The following example deals with the problem of conducting par—
ticles in GIS, a problem that has often been tackled experimentally
in the past Obviously the possibility of predicting the effect of
particle contamination should have a beneficial effect on both
design cost and component reliability. In this example, the
deterioration of the withstand capability of an open disconnector
resulting from the presence of a conducting particle is simulated.
Figure 15a gives the model geometry, which is a simple three
electrode arrangement with a "particle” of variable length and
radius (hemispherically capped rod) attached to one electrode at
the point of maximum stress. The predicted step pulse break-
down voltages (Figure 15b) illustrate the gradual transition from
a Paschen law type breakdown curve to a typical leader break-
down curve with increasing particle length. For a step pulse, the
particle radius is of lesser influence, as long as the particle is
"slim”, i.e. much longer than wide. The radius is, however, im-
portant in determining the critical volume and, therefore, the sta-
tistical time lag. For a lightning impulse test at 2100 kV, break-
down probabilities have been calculated as a function of particle
length for several particle radii (Figure 15¢c). A fixed particle of 4
mm length and 0.1 mm radius would be detected with a probabil-
ity of about 20% in such a the test On the other hand, the mini-
mum breakdown voltage with this particle of more than 1.7 MV at
typical operating pressure provides a sufficient safety margin
with respect to the AC peak voltage. Thus the lightning impulse
test is seen to be a reasonable test of component reliability as far
as a fixed particle is concerned.

CONCLUSIONS

Extensive studies of discharge development in SFg and their in—
terpretation in terms of physical processes have provided the
basis for a quantitative computer breakdown model. With the
inclusion of a statistical mode! of initial electron production (cf.
Part 1l), the predictive capability of the computer breakdown
model is such that for the majority of practical applications, SFg
breakdown voltages can be calculated with a typical error of 5%.

The predictability of insulating strength is expected to have a
considerable impact on component design, especially where the
field is not quasi-homogeneous (disconnectors, circuit breakers
etc), in particular for complex three-dimensional electrode arran—
gements (three phase encapsulation in GIS, medium high voltage
equipment). In principle, reliability should increase and develop-
ment cost should decrease.

From both the utilities' and the manufacturers' point of view, a
quantitative breakdown model also means a step forward in
developing an adequate testing philosophy for GIS. In the above
example, the efficacy of existing test procedures could be easily
assessed. Other situations, such as the presence of free particles,
require a more refined treatment, because, for example, in an AC
bias lightning test additional effects such as particle bouncing and
spatial and temporal variations of ion density [14] must be con-
sidered simultaneously. The problem of optimizing test proce~
dures is still far from being solved; however, in providing objec—
tive criteria of assessment, the breakdown model is a valuable
tool for further work.

Future studies similar to those reported here wili be necessary to
remove some restrictions presently imposed on the model. To
the present, only breakdown under positive polarity has been in—
vestigated extensively. Although negative leader inception vol-
tages are roughly twice those for positive polarity, situations may
occur in which this is compensated by the fact that initial
electrons are more readily available with negative polarity. A
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second meaningful extension would be the inclusion of ion drift
effects on time scales typical of switching impulse or AC
application.  Finally physical effects with waveforms charac-
terized by a substantial voltage variation during leader propaga—
tion (fast transients, oscillating lightning impulse, etc.) should be
studied to complete the knowledge of practically relevant dis—
charge phenomena.
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